Introduction
Nerve growth factor (NGF) is a member of the family of neurotrophins and is essential for the survival and differentiation of neurons in central and peripheral nerve systems (Snider 1994) . The binding of NGF to its high affinity receptor, TrkA, causes activation of the receptor-associated tyrosine kinase leading to autophosphorylation of the cytoplasmic domain at multiple tyrosine residues, including Y490, Y670, Y674, Y675 and Y785. The newly formed phosphotyrosines constitute binding sites for the Src homology (SH2) domain or phosphotyrosine-binding domain containing proteins, which are thought to participate in the control of mitogenic, survival or differentiation pathways. Evidence has accumulated that neurotrophins and their receptors involve hematopoietic cell development and leukaemogenesis (Matsuda et al., 1988; Chevalier et al., 1994; Kaebisch et al., 1996; Mulloy et al., 2005) . TrkA is expressed in acute myelogenous leukemia and chronic myelogenous leukemia (CML); however, NGF/TrkA signaling in leukemic cells has not yet been well studied.
Chronic myelogenous leukemia is a clonal stem cell disease characterized by the t(9;22) (q34;q11) translocation, the Philadelphia (Ph) chromosome, which is associated with the presence of Bcr-Abl fusion protein.
It has been well documented that Bcr-Abl is constitutively activated in its tyrosine kinase, and plays an important role in preventing programmed cell death (Scheijen and Griffin, 2002) . Imatinib mesylate, a potent inhibitor of Abl tyrosine kinase, emerged as the frontline therapy for early diseased CML patients, since it had the highest selectivity for growth inhibition of Bcr-Ablexpressing cells Druker et al., 1996 Druker et al., , 2007 O'Brien et al., 2003; Deininger et al., 2005) . Although imatinib is remarkably successful in treating patients with CML, sustained molecular remissions have only rarely been observed. Acquired resistance to imatinib is frequently caused by point mutations in Bcr-Abl or by expression of the fusion protein at high level (Druker et al., , 2001 von Bubnoff et al., 2003) .
Using Abl tyrosine kinase inhibitor, imatinib, and Bcr-Abl-specific small interfering RNA technique, we show here that the constitutively active Abl tyrosine kinase, Bcr-Abl, suppresses signaling mediated by growth factor NGF via modification of downstream signaling complexes as well as surface TrkA clearance. Furthermore, we have demonstrated that, for the first time, NGF/TrkA signaling enhanced colony formation of imatinib-treated primary CD34 þ CML cells, suggesting that NGF/TrkA signaling may participate in leukemia development.
Results
TrkA is expressed in leukemic cell lines on the cell surface We first examined TrkA expression in several leukemia cell lines, including K562 (human CML in blast crisis), CML-T1 (human CML in lymphoid blast crisis), Meg-01 (human CML in megakaryocytic blast crisis), BV-173 (human CML in lymphoid blast crisis), the oncogenic c-Kit transformed human mastocytoma cell line HMC-1 (Butterfield et al., 1988) , human promyelocytic leukemia cell line HL60 and human histocytic lymphoma U937. Trk tyrosine kinase could be clearly detected in K562, Meg-01 and HMC-1 by western blotting ( Figure 1a ). As the activated TrkA is found predominantly in intracellular membranes in some systems (Rajagopal et al., 2004) , we next examined the cell surface expression of TrkA in leukemia cells by labeling the cell surface expressing TrkA with biotin. As shown in Figure 1b , TrkA was detected on the cell surface in K562 cells. As controls, we applied TrkA expressing HEK293 and HMC-1 for this experiment (Tam et al., 1997) . We and others previously demonstrated the direct association of TrkA with Abl tyrosine kinase (Koch et al., 2000; Yano et al., 2000) , raising the question of whether TrkA is phosphorylated by Bcr-Abl in the absence of NGF in CML cells. Therefore, we examined TrkA phosphorylation using an antibody specific for phosphorylated tyrosine residue 490 in TrkA before and after NGF stimulation. TrkA is not phosphorylated in the absence of NGF but is phosphorylated upon stimulation with NGF within 15 min (Figure 1c ), indicating that TrkA binds to the NGF and is then activated.
NGF-induced phosphorylation of Erk and Akt are impaired in CML cells
To determine whether TrkA-mediated signaling is induced upon stimulation with NGF in the leukemia cell lines, we examined phosphorylation of Erk and Akt. Phosphorylation of both kinases was only slightly upregulated in K562 and Meg-01 cells upon NGF stimulation (Figure 2a ). Fifteen minutes after stimulation with NGF, both Erk and Akt were phosphorylated in these cells. As NGF-mediated signaling is very modest, we examined whether Bcr-Abl tyrosine kinase activity downmodulates the TrkA-signaling pathway directly. For this purpose, we utilized Abl inhibitor imatinib.
Imatinib treatment enhances Akt and Erk phosphorylation induced by NGF/TrkA in K562 cells Serum starved cells were treated with 10 mM imatinib for 1 h before NGF stimulation. As expected, phosphorylation of Erk and Akt kinase is downmodulated by imatinib treatment. Interestingly, upon stimulation with NGF, phosphorylation of Akt kinase was upregulated about two times in imatinib-treated K562 (P ¼ 0.0004) and Meg-01 (P ¼ 0.006) cells than untreated cells (Figure 2a ), indicating that imatinib treatment enhances NGF-mediated signaling in CML cells. As expected, the treatment with imatinib and TrkA inhibitor K252a downmodulated NGF-mediated Akt phosphorylation (Figure 2b ).
Silencing of Bcr-Abl expression in K562 cells enhanced TrkA-mediated signaling Imatinib is a potent-specific inhibitor for Abl tyrosine kinase; however, one cannot rule out the possibility that imatinib treatment has effects other than inhibiting tyrosine kinases, so that TrkA signaling was somewhat enhanced. To examine whether Bcr-Abl inhibition per se causes the enhancement, we utilized short hairpin RNA (shRNA) directed against Bcr-Abl, which was previously established in K562 cells (Scherr et al., 2003) . K562 cells were transduced with Lentivirus carrying shRNA directed against Bcr-Abl or GL4 (control virus) for 48 h. The cells were then incubated for 17 h with medium containing 0.1% fetal calf serum (FCS) and finally NGF-mediated phosphorylation of Akt and Erk was examined. In agreement with previous data (Scherr et al., 2003) , Bcr-Abl expression was reduced by about 75% compared to the control virus-infected cells. In these cells, the levels of phospho-Akt and phospho-Erk 15 min after NGF stimulation were about two-and fivefold greater, respectively, than in control cells (Figure 3 ), suggesting that Bcr-Abl per se downmodulates TrkA signaling.
SHC phosphorylation by NGF stimulation was restored by imatinib treatment As K562 cells contain multiple copies of Bcr-Abl, the signaling pathway required to induce survival and growth is already maximally stimulated, and the data obtained here might be due to restoration of the responsiveness to NGF expected by the normal counterpart of these cells. We therefore determined whether a particular pathway is restored by the treatment with imatinib. It has been well documented that CrkL binds to Bcr-Abl directly (Feller, 2001 ) and SH2 domaincontaining inositol 5-phosphatase (SHIP)2 forms a complex with CrkL and Bcr-Abl (Wisniewski et al., 1999) . In agreement with previous data (Wisniewski et al., 1999; Sattler et al., 2002) , our results show that Bcr-Abl, GAB2 and SHIP2 co-precipitated with CrkL in K562 cells (Figure 4a ). These complexes were reduced in the presence of imatinib (Figure 4a ). We then examined phosphorylation of several downstream signaling molecules for 15 min to 6 h in the presence or absence of imatinib and/or NGF. In untreated K562 cells, STAT5, SHIP2 and CrkL were highly phosphorylated. After treatment with imatinib, these molecules were dephosphorylated. Upon stimulation with NGF, STAT5, SHIP2 and CrkL were not re-phosphorylated within 15 min in imatinib-treated K562 cells (Figure 4b ), suggesting that NGF-mediated signaling is not via these signaling molecules. We next examined the adaptor protein Src homologous and collagen gene (SHC) that was identified as one of the two major binding proteins to the TrkA receptor and upstream signaling molecule for Erk and Akt activation (Obermeier et al., 1993; Stephens et al., 1994; Huang and Reichardt, 2003) . In agreement with a previous report (Bonati et al., 2000) , SHC is constitutively phosphorylated in Bcr-Abl transformed cells. Upon stimulation with NGF, phosphorylation of SHC was upregulated only 1.3 times (P ¼ 0.05); however, after imatinib treatment, SHC was 3.6-fold (P ¼ 0.03) more phosphorylated upon stimulation with NGF (Figure 4c ), indicating that TrkA/SHC pathway is restored by imatinib treatment.
Proto-oncogene product c-Abl kinase also influences Erk phosphorylation induced by NGF To determine whether these results are simply due to a restoration of the responsiveness to NGF, or whether c-Abl also influences TrkA-mediated signaling, we applied the rat adrenal pheochromocytoma cell line PC12 cells that express TrkA and c-Abl (Figure 5a ). In the PC12 cell system, it has been clearly demonstrated that Erk1/2 phosphorylation is one of the major TrkA signaling molecules (Huang and Reichardt, 2003) . NGF-mediated Erk1 phosphorylation was about two times (P ¼ 0.03) greater than in the absence of imatinib (Figure 5b ), indicating that c-Abl has a similar effect on NGF signaling. Furthermore, c-Abl activity also suppresses signaling induced by other growth factors, such as basic fibroblast growth factor (Figure 5c ), or epidermal growth factor (EGF) (Figure 5d ), suggesting that Abl tyrosine kinase may regulate growth factor signaling.
Imatinib treatment enhances clearance of surface receptor after NGF treatment Abl tyrosine kinase has been shown to influence receptor degradation via c-Cbl-mediated ubiquitination (Tanos and Pendergast, 2006) . Therefore, we first examined ) were labeled with a membrane impermeable biotinylation reagent. Cells were then lysed for precipitation. Cell extracts were precipitated by anti-Trk antibody/protein A Sepharose (IP: Trk) or streptavidin sepharose (P: streptavidin: cell surface Trk). Precipitates were analysed by Trk-specific western blotting (WB: Trk). (c) 2 Â 10 6 of K562, HMC-1 and HEK293/TrkA cells were incubated for 24 h with serum-free medium and were then incubated with or without imatinib (10 mM) 1 h before NGF stimulation. Cells were stimulated with NGF (100 ng/ml) for 5 or 15 min in the presence or absence of imanitib. Cell lysates were analysed by western blotting (WB) using antibodies against phospho-Y490 Trk (pY490 Trk) or TrkA (Trk). CML, chronic myelogenous leukemia; NGF, nerve growth factor.
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A Koch et al the half-life of TrkA after NGF stimulation in the presence or absence of imatinib with cyclohexamide. In both cases, about 50% of the TrkA was degraded within 40-45 min, indicating that imatinib treatment does not influence the receptor half-life (data not shown). Next, we examined cell surface TrkA after NGF treatment. Cell surface proteins were labeled with biotin and then isolated by streptavidin. Bound materials were analysed by Trk-specific immunoblot. In imatinib-treated cells, 40% of the receptors on the cell surface disappeared within 15 min after NGF treatment. In the absence of imatinib, only 16% (P ¼ 0.05) of the molecules disappeared from the cell surface within 15 min ( Figure 6 ). In the presence of Monensin, a potent inhibitor of receptor recycling (Saxena et al., 2005) , the level of surface expression of TrkA decreases more than 40% within 15 min in the presence or absence of imatinib, suggesting that Abl tyrosine kinase suppresses receptor internalization and/or enhances receptor recycling (Chen et al., 2005 NGF treatment induces cell survival of TrkA expressing CML cell lines in the presence of imatinib To examine whether NGF-TrkA signaling may rescue cells from imatinib-mediated cell death, we incubated K562, Meg-01, HMC-1 and U937 cells with or without NGF in the presence of imatinib for 4 days and the number of living cells was then counted. After treatment with 0.5 or 5 mM imatinib, more than 50% of all K562 cells died within 4 days. In the presence of NGF, the number of living K562 cells treated with imatinib increased by 1.5-fold (Figure 7 ). These surviving K562 cells can be cultivated over 6 months in the presence of imatinib and NGF; however, they are still NGF dependent. Although the effect of NGF on 5 mM imatinib-treated Meg-01 cells was more modest, eightfold more cells survived in the presence of NGF than in its absence (Figure 7 , Meg-01). Next, we examined the effect of TrkA inhibitor K252a on these cells. NGF did not rescue cells treated with both K252a and imatinib from cell death in either cell line ( Figure 7) . As a control cell line, we utilized U937 cells that grow nearly normally in the presence of imatinib; however, treatment of U937 with K252a suppresses cell growth (Figure 7 ; U937). This may be explained by the fact that K252a also inhibits several serine/threonine kinases, such as PKC. Indeed, PKC is phosphorylated in U937 cells (data not shown). The effect of NGF on imatinib-treated HMC-1 ) were incubated for 24 h with serum-free medium and were then incubated with or without 10 mM imanitib (a) and/or Trk inhibitor, 100 nM K252a (b) for 1 h before NGF stimulation. After NGF (100 ng/ml) stimulation for 15 or 30 min, cell lysates were analysed by western blotting (WB) using anti-phospho-Erk1/2 (pErk1/2), Erk1/2, phospho-Akt (pSer Akt) or Akt antibodies as indicated. Phospho-Erk (pErk2) and phospho-Akt (pAkt) bands were quantified by TINA2.0 software, normalized to unphosphorylated protein and depicted as relative increase compared to unstimulated lysate in the absence or presence of imatinib. Bar diagrams show mean values ± s.d. of several experiments (n: number of independent experiments). Paired t-test was applied to describe the significance of differences in phosphorylation in the absence (black bars) or the presence of imatinib (light grey bars) at 15 min of NGF stimulation. P-values p0.05 were considered as significant and indicated by bold letters. NGF, nerve growth factor. NGF treatment enhances colony formation of imatinibtreated primary CD34 þ CML cells To examine whether the present findings are relevant to primary CML, we isolated CD34 þ cells from three newly diagnosed CML patients in chronic phase. We first established a TrkA detection method using an immunofluorescence technique. We utilized K562 and HMC-1 cells as positive controls and CML-T1 cells as a negative control (Figure 8a) , and then applied primary CD34 þ cells for TrkA-specific staining. All primary CD34 þ CML cells were clearly shown to be TrkA positive (Figure 8b ). In agreement with previous work (Bracci-Laudiero et al., 2003) , CD34 þ cells from peripheral blood from healthy donors were stained weakly by TrkA-specific antibody (data not shown). We then performed a colony-forming assay in the presence of interleukin-3 (10 ng/ml) and granulocyte-macrophage colony-stimulating factor (20 ng/ml) with and without imatinib and/or NGF (50 or 200 ng/ml). In the absence of imatinib, NGF did not enhance the number of colonies in the presence of interleukin-3 and granulocyte-macrophage colony-stimulating factor (Table 1 ). In the presence of imatinib, however, NGF treatment enhanced the number of colony by about 1.5-(50 ng/ml NGF, P ¼ 0.07) and 2-fold (200 ng/ml NGF, P ¼ 0.03). NGF treatment had no significant effects on colony formation of CD34 þ cells from healthy donors in the presence or absence of imatinib (Table 1) . These data strongly suggest that NGF plays an important role in survival of CML cells.
Discussion
Activation of receptor tyrosine kinase is tightly regulated by growth factors and effector molecules, and as a result induces cell proliferation, survival and/or differentiation signals. NGF was shown to be a potent growth factor that plays a key role in neuronal cell differentiation (Snider, 1994) .
Here we report on TrkA signaling in Bcr-Abl transformed CML cells by dissecting both tyrosine kinase signal pathways using the Bcr-Abl inhibitor, imatinib. Several signaling molecules such as SHC, CrkL, Akt or Erk are shared by Bcr-Abl and TrkA, but when Bcr-Abl is active, TrkA signaling is not particularly strong. An explanation might be that active BcrAbl recruits signaling molecules such as SHC, CrkL or GAB2. Treatment with imatinib reduced the amount of the signaling complex and restored NGF-mediated signals. Indeed, NGF-induced phosphorylation of one of the major TrkA-binding proteins SHC was restored by imatinib treatment. It has been shown previously that SHIP2 is highly phosphorylated on tyrosine and associates with the SH3 domain of Abl tyrosine kinase ) transduced with lentivirus carrying BcrAbl-specific (white bars) or control shRNA (black bars) for 48 h were incubated for 17 h with medium containing 0.1% serum and were then stimulated with NGF (100 ng/ml) for 15 or 30 min. (a) Cell lysates were analysed by western blotting (WB) using antiphospho-Akt (pSer Akt), Akt, anti phospho-Erk (pErk1/2), Erk, glyceraldehyde-3-phosphate dehydrogenase, c-Abl, phospho-STAT5 (pSTAT5) and STAT5 antibodies as indicated. (b) Relative increase of phospho-Akt and phospho-Erk2 after NGF stimulation was compared to unstimulated lysate and quantification and statistic analysis were performed as described in Figure 2 . NGF, nerve growth factor.
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A Koch et al and Crk, and PTB domain of SHC in K562 cells (Wisniewski et al., 1999) . We show here that the SHIP2/ CrkL/Bcr-Abl complex was not detected after imatinib treatment; however, TrkA activation did not cause SHIP2 phosphorylation. At present, the role of SHIP2 in K562 cells is not clear; however, in these cells, it has been shown that SHIP2 reduces the proliferation rate (Giuriato et al., 2002) , suggesting that the dephosphorylation of SHIP2 may participate in imatinibmediated enhancement of TrkA signaling. We also present here a second mechanism, in which imatinib treatment influences receptor internalization. It has been demonstrated that the family of Abl tyrosine kinases plays a crucial role in Shigella uptake (Burton et al., 2003) . In this system, downstream molecules of Abl, Crk, Rho family GTPases Rac and Cdc42 are required for bacterial entry. On the other hand, it has been demonstrated that highly activated Abl impaired EGF receptor internalization (Tanos and Pendergast, 2006) . In this case, activated Abl inhibits the accumulation of the ubiquitin ligase c-Cbl at the plasma membrane, whereby, receptor degradation is inhibited (Tanos and Pendergast, 2006) . These data suggested that activated Abl enhanced EGF signaling. Accordingly, inhibition of Bcr-Abl, enhanced TrkA clearance from the cell surface after stimulation with NGF. In contrast to the EGF receptor (Tanos and Pendergast, 2006) , inhibition of Bcr-Abl enhanced TrkA signaling. In the neuronal system, the NGF signal was shown to be transmitted via endocytosis of complexes containing NGF bound to TrkA, followed by retrograde transport of the 'signaling endosomes' (Riccio et al., 1997; Howe et al., 2001 ). Here we show that the level of clearance of TrkA correlates with the level of phosphorylation of Akt, suggesting that 'signaling endosomes' with TrkA are present in hematopoietic cells.
The data presented here also provide evidence that NGF treatment rescues cells from imanitib-induced cell death. Although only two of the four CML cell lines tested were positive for TrkA, all primary CD34 þ cells from three independent CML patients express TrkA. The difference may be explained by the fact that TrkAnegative cell lines, BV-173 and CML-T1 are CD34À and derived from patients in blast crisis, whereas all primary CD34 þ cells were derived from patients with CML in early chronic phase. In addition, CD34 þ cells from healthy donors also express TrkA (Bracci-Laudiero et al., 2003) and NGF is normally expressed by bone marrow stromal cells (Simone et al., 1999) , suggesting that NGF plays a role in maintenance of CD34 þ cells Figure 4 Imatinib treatment restores TrkA-mediated phosphorylation of SHC. (a) The complex of CrkL with Bcr-Abl, GAB2 and SHIP2 in K562 cells is not detectable after imatinib treatment. K562 cells were incubated for 24 h with serum-free medium and were then incubated with and without imatinib for 1 h. After NGF stimulation (100 ng/ml) for 15 min, cell lysates were precipitated with polyclonal antibodies against CrkL/ protein A Sepharose (IP: CrkL) then analysed by western blotting (WB) using anti-c-Abl, GAB2, SHIP2 or CrkL antibodies. As control, cell lysates were precipitated with rabbit IgG (IP: Ig)/ protein A Sepharose. (b) Imatinib treatment enhances TrkA-mediated phosphorylation of Erk and Akt, but not of CrkL, STAT5 and SHIP2. K562 cells were incubated for 24 h in the absence of serum and then treated with and without imatinib (10 mM) for 1 h. After imatinib treatment, NGF (50 ng/ml) was added for 15 min to 6 h in the presence or absence of imatinib. Cell lysates were analysed by western blotting (WB) using antibodies against phospho-Akt (pSer Akt), Akt, phospho-Erk (pErk1/2), Erk, phospho-SHIP2 (pSHIP2), SHIP2, phospho-STAT5 (pSTAT5), STAT5, phosphoCrkL (pCrkL) or CrkL. (c) Imatinib treatment restores TrkAmediated phosphorylation of SHC. Cells were treated as in (a) and then cell lysates were precipitated by SHC-specific antibody. Immunoprecipitates were analysed by phosphotyrosine-specific immunoblot. Phosphorylation of the SHC isoform p52 or Erk2 was quantified, normalized to unphosphorylated protein and depicted as relative increase compared to unstimulated lysate in the absence or presence of imatinib. Bar diagrams (black: ÀNGF; light grey: þ NGF) show mean values±s.d. of 3 independent experiments. Statistic analysis was performed as described in Figure 2 . NGF, nerve growth factor; SHIP, SH2 domain-containing inositol 5-phosphatase.
Abl tyrosine kinase downmodulates TrkA signaling A Koch et al in bone marrow. Moreover, TrkA may play a role in survival of Bcr-Abl-positive cells followed by mutations in Bcr-Abl that inactivate imatinib (von Bubnoff et al., 2003) in bone marrow. TrkA may be a potential target for therapeutic approaches to TrkA-positive CML.
Materials and methods

Cell culture
All leukemia cell lines and PC12 cells were grown in RPMI1640 medium without any cytokine, supplemented with 10-20% (v/v) FCS or 10% horse serum and 5% FCS, respectively. HEK293 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FCS.
Antibodies and reagents
Polyclonal antibodies against Akt, phospho-Akt (Ser473), phospho-Erk, c-Kit, phospho-CrkL (Tyr207), phospho-STAT5 (Tyr694) and phosphoY490TrkA were from New England Biolabs/Cell Signaling Technology (Frankfurt Germany), Erk1/2 and phosphoErk1/2 from Promega (Madison, WI, USA), and CrkL (C-20), STAT5 (C-17), SHC (H-108) and pan Trk (C-14), goat polyclonal antibody against Actin (I-19), GAB-2 (M-19), and mouse monoclonal antibody against glyceraldehyde-3-phosphate dehydrogenase and phosphotyrosine (PY99) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), monoclonal antibody against Abl (8E9) and SHC from BD Pharmingen and BD Transduction Laboratories (San Diego, CA, USA), respectively, monoclonal antibody against transferrin receptor (H68.4) from Invitrogen (Zymed laboratories Invitrogen immunodetection, San Francisco, CA, USA) and anti-goat IgG from rabbit was purchased ) were incubated for 24 h with serum-free medium and were then incubated with or without 10 mM imanitib for 1 h before growth factor stimulation. After NGF (100 ng/ml) (b), basic fibroblast growth factor (100 ng/ml) (c) or EGF (100 ng/ml) (d) stimulation for the indicated times, cell lysates were analysed by immunoblotting using anti-phospho-Akt (pSer Akt), Akt, phosphoErk (pErk) or Erk antibodies as indicated. Phospho-Erk (pErk1 or 2) and phospho-Akt (pAkt) bands were quantified by TINA2.0 software, normalized to unphosphorylated protein and depicted as relative increase compared to unstimulated lysate in the absence of imatinib. Statistic analyses were performed as described in Figure 2 . EGF, epidermal growth factor; NGF, nerve growth factor.
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A Koch et al from Sigma-Aldrich GmbH (Taufkirchen, Germany). Rabbit sera against SHIP2 (Muraille et al., 1999) and phospho-SHIP2 (Blero et al., 2001) were kindly provided by Ch. Erneux (Brussels). b-NGF, EGF and basic fibroblast growth factor were purchased from PeproTech Inc. (Rocky Hill, NJ, USA). Imatinib mesylate was kindly provided by Novartis (Basel, Switzerland). Inhibitors K252a, and Monensin were from Calbiochem (San Diego, CA, USA).
Isolation of CD34 þ cells and colony formation assay CD34 þ cells from patients with CML in early chronic phase were isolated at the time of initial diagnosis as described previously (Scherr et al., 2003) . CD34 þ cells were purified to at least 98% by magnetic cell sorting (Clini MACS Miltenyi Biotech, Bergisch Gladbach, Germany). Informed consent from the patients was obtained in accordance with the Declaration of Helsinki. Colony assays of CD34 þ cells were described previously (Scherr et al., 2002 (Scherr et al., , 2005 . Briefly, 1 Â 10 3 cells were plated per methylcellulose culture and then stimulated with human granulocyte-macrophage colonystimulating factor (20 ng/ml) and interleukin-3 (10 ng/ml) in the presence or absence of NGF (50 or 200 ng/ml) and imatinib (1 mM). Nine days after plating the colonies were counted.
Cell proliferation assay
To assay cell survival, cells were grown in medium containing 10% FCS for 4 days in the absence or presence of b-NGF (PeproTech Inc.) and/or imatinib (Novartis), and K252a (Calbiochem). The number of living cells was counted in a Neubauer counting chamber using 0.1% Trypan Blue (SigmaAldrich).
Immunofluorescence staining Chronic myelogenous leukemia cell lines were plated on poly-L-lysine (Sigma-Aldrich) coated Petri dishes, patient material was plated onto adhesion object slides (Superior, Paul Marienfeld GmbH, Lauda-Ko¨nigshofen, Germany) . Cells were washed with phosphate-buffered saline (PBS), then fixed for 15 min and permeabilized for 5 min using IntraPrep Leukocyte Permeabilization Reagent (Beckman ) were starved for 24 h with serum-free medium and were then incubated with (grey circles) or without 10 mM imanitib (black squares) and 9 mM Monensin (dotted lines and open symbols) for 1 h before growth factor stimulation. After NGF (200 ng/ml) stimulation for 5, 15 and 30 min, cell surface proteins were labelled with biotin. (a) Cell surface proteins were precipitated from cell extracts using streptavidin sepharose (P: streptavidin). Precipitates were analysed by Trk-specific western Blot (WB). The membrane was then stripped and reprobed with a transferrin receptor (TfR)-specific antibody. (b) Intensity of TrkA bands after NGF-induced internalization was quantified by TINA2.0 software and depicted as relative amount of surface protein (% cell surface Trk) compared to unstimulated lysate in the absence or presence of inhibitors. Trk levels were standardized using TfR as loading control. Data points represents the mean of at least four independent experiments±s.d. P-values were obtained as described in Figure 2 to indicate the significance of the difference between cell surface Trk in the absence and presence of imatinib at 15 and 30 min after NGF stimulation. (c) Lysates of the experiments described in (a) were subjected to phospho-Akt (pSer Akt), Akt, Trk and glyceraldehyde-3-phosphate dehydrogenase-specific western blotting (WB). (d) Intensity of phospho-Akt bands after 15 min NGF stimulation was analysed by TINA2.0 software, standardized with the level of Akt, and induction level in the presence of imatinib and Monensin was compared to phospho-Akt without inhibitor and NGF treatment (pSer Akt relative increase). The increase in phospho-Akt levels is depicted as mean of three independent experiments±s.d. Statistic analysis was carried out as described in Figure 2 . NGF, nerve growth factor.
Coulter/Immunotech SAS, Marseille, France). Blocking was performed once with human IgG (Octagam, Octapharma GmbH Langenfeld, Germany) 5 mg/ml in 10% FCS/PBS for 1 h and with 10% FCS in PBS for additional 40 min. Cells were incubated for 1 h with a monoclonal antibody against the C terminus of human TrkA (B-3, Santa Cruz Biotechnology) or mouse IgG2a kappa isotype control antibody (BD Pharmingen) in 10% FCS/PBS. Cells were washed three times with 10% FCS/PBS and then stained with fluorescein isothiocyanate-conjugated Fab-specific anti-mouse IgG (Sigma-Aldrich) for 1 h. Immunofluorescence staining comparing the TrkA antibody and the isotype control was photographed with identical exposure times on a Nikon Eclipse TE 300 microscope (Du¨sseldorf, Germany) using a Spot2 camera (Diagnostic Instruments, Ismaning/Munich, Germany).
Immunoblotting Cells were serum starved for 24 h, treated with inhibitors for 1 h and then stimulated with growth factors in the absence or presence of inhibitors for the indicated times. After stimulation was stopped in ice-cold PBS, cells were extracted with lysis buffer containing 10 mM sodium phosphate pH 7.5, 50 mM NaF, 10 mM EDTA, 1% Triton-X 100, 1% Trasylol (Bayer Vital, Leverkusen, Germany) and 400 mM sodium orthovanadate. Details of immunoblotting have been described previously (Mancini et al., 2002; Koch et al., 2005) . Corresponding proteins were visualized by incubation with peroxidase-conjugated anti-mouse, rabbit (Pierce, Rockford, IL, USA) or goat (Santa Cruz) immunoglobulin followed by incubation with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce). Chemoluminescence was documented by a LAS3000 camera (Fujifilm, Kanagawa, Japan). For quantification, we also performed immunoblotting using 125 I-anti rabbit IgG (Amerscham Biosciences, Freiburg, Germany) as a secondary antibody to compare data obtained by the two methods. Signal intensity of radioactivity as well as chemoluminescence was quantified using TINA 2.0 software (raytest Isotopenmessgeraete GmbH, Straubenhardt, Germany).
Before reprobing, membranes were stripped for 2 Â 30 min using buffer containing 50 mM Tris/HCl pH 8, 3% sodium dodecyl sulfate and 100 mM b-mercapthoethanol.
Immunoprecipitation
Cells were extracted using the same lysis buffer as used for western blotting plus 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride and 1 mM benzamidine. Clarified lysate (1 Â 10 7 cells) was incubated at 4 1C for 4 h with anti-CrkL or SHC antibody preabsorbed on Protein A Sepharose 6MB (Amerscham Bioscience/GE Healthcare, Uppsala, Sweden). After washing with precipitation buffer, materials were analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and by immunoblotting analysis using the appropriate antibodies.
Cell surface biotinylation and precipitation Biotinylation was performed according to the manufacturer's protocol using 250 mg/ml membrane impermeable EZ-link Sulfo-NHS-LC-Biotin (Pierce) for 30 min on ice. For internalization assays, cells (1.5 Â 10 6 /time point) were serum starved and stimulated as described for immunoblotting, biotinylated and then lysed in radioimmunoprecipitation assay buffer (10 mM sodium phosphate pH 7.5, 50 mM NaF, 10 mM EDTA, 1% Triton-X 100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Trasylol). Biotinylated proteins were precipitated from lysates with streptavidin sepharose (Amerscham Bioscience/GE Healthcare). Aliquots of cell lysates were applied for immunoprecipitation using anti-Trk antibody and protein A Sepharose 6MB (Amerscham Bioscience/GE Healthcare).
RNAinterference K562 cells were transduced with lentiviral shRNA directed against Bcr-Abl or an irrelevant shRNA (GL4) as estabilished previously (Scherr et al., 2005) . Ninety-five percent of the cells were transduced as shown by expression of red fluorescencent protein. Forty-eight hours after transduction, cells were starved for 17 h in medium containing 0.1% FCS and were then stimulated with NGF for the indicated times. Cell lysates were prepared as described under immunoblotting. 5 of K562, Meg-01, HMC-1 and U937 cells were grown in medium containing 10% FCS with or without NGF (60 ng/ml) in the presence or absence of imatinib (0.5 or 5 mM) and/or K252a (200 nM) for 4 days. Cells were stained with 0.1% Trypan Blue and living cells were counted using a Neubauer cell counting chamber. Cell numbers are presented as the mean ± s.d. for three independent experiments performed in triplicate. FCS, fetal calf serum; NGF, nerve growth factor. 
